Background: GT198 is a tumor suppressor gene in breast and ovarian cancer. Results: Tumor stromal cells in various types of human ovarian cancer carry GT198 mutations and express theca cell-specific enzyme CYP17. Conclusion: GT198 mutant tumor stromal cells are luteinized theca cells in ovarian cancer. Significance: Studying mutant tumor stromal cells is crucial for understanding the cause of ovarian cancer.
Ovarian cancer is a highly lethal gynecological cancer, and its causes remain to be understood. Using a recently identified tumor suppressor gene, GT198 (PSMC3IP), as a unique marker, we searched for the identity of GT198 mutant cells in ovarian cancer. GT198 has germ line mutations in familial and early onset breast and ovarian cancers and recurrent somatic mutations in sporadic fallopian tube cancers. GT198 protein has been shown as a steroid hormone receptor coregulator and also as a crucial factor in DNA repair. In this study, using GT198 as a marker for microdissection, we find that ovarian tumor stromal cells harboring GT198 mutations are present in various types of ovarian cancer including high and low grade serous, endometrioid, mucinous, clear cell, and granulosa cell carcinomas and in precursor lesions such as inclusion cysts. The mutant stromal cells consist of a luteinized theca cell lineage at various differentiation stages including CD133 ؉ , CD44 ؉ , and CD34 ؉ cells, although the vast majority of them are differentiated overexpressing steroidogenic enzyme CYP17, a theca cellspecific marker. In addition, wild type GT198 suppresses whereas mutant GT198 protein stimulates CYP17 expression. The chromatin-bound GT198 on the human CYP17 promoter is decreased by overexpressing mutant GT198 protein, implicating the loss of wild type suppression in mutant cells. Together, our results suggest that GT198 mutant luteinized theca cells overexpressing CYP17 are common in ovarian cancer stroma. Because first hit cancer gene mutations would specifically mark cancer-inducing cells, the identification of mutant luteinized theca cells may add crucial evidence in understanding the cause of human ovarian cancer.
The precursor lesion of human ovarian cancer is one of the most intriguing gynecological research topics, and the source of cancer precursors has been under debate for decades (1) . Based mostly on histological and molecular analyses, there are three main hypothetical theories that have been proposed. One theory involves ovarian surface epithelium (2) . It suggests that cortical inclusion cysts formed by invagination of ovarian surface epithelium serve as precursor lesions. The second theory involves the secondary müllerian system, suggesting müllerian-originated extraovarian lesions such as endometriosis as precursors of ovarian cancer (3) (4) (5) (6) . The most recent theory suggests that intraepithelial lesions at fallopian tube fimbrial ends, enriched with TP53 somatic mutations or from BRCA1 carriers (7, 8) , serve as precursors of high grade serous ovarian cancer (9 -12) , and thus epithelial ovarian cancer shares a common origin with distal fallopian tube cancer. Each of the hypotheses has substantial supporting evidence and is potentially interconnected. However, a specific functional cell lineage that induces ovarian cancer steroid hormone deregulation has not been confirmed, and causative molecular alterations are still largely unclear.
A related issue is whether the potential causative molecular defect in ovarian cancer occurs in tumor stroma or in tumor parenchyma. A mutated cancer-initiating gene is presumably a specific marker for precursor lesions. Breast and ovarian cancer genes such as BRCA1 and BRCA2 are identified through analyzing germ line mutations in familial cases (13, 14) , and their somatic mutations are largely undetectable in advanced tumors (15) , which is evidence against the possibility for clonal expansion of a mutant progenitor into tumor parenchyma. In contrast, mounting evidence supports a link of cancer initiation to altered tumor microenvironment in tumor stroma (16, 17) ; stroma is the particular natural habitat of progenitor cells. In ovarian cancer, steroid hormone-producing cells have been observed in tumor stroma promoting inclusion cysts and epithelial tumor cells (18) . It remains to be elucidated how ovarian cancer stromal cells alter the tumor microenvironment and lead to the growth of tumor parenchyma.
In this study, we have revealed that ovarian cancer stroma contains luteinized theca cells carrying somatic mutations in tumor suppressor gene GT198. GT198 (gene symbol PSMC3IP, also known as TBPIP or Hop2) is a nuclear receptor coregulator participating in estrogen, androgen, glucocorticoid, and progesterone receptor-mediated gene regulation (19, 20) . GT198 has also been extensively shown to regulate homologous recombination in DNA repair (21, 22) and to stimulate Rad51-mediated DNA strand exchange (23) . A homozygous germ line deletion mutation in GT198 is identified in familial ovarian dysgenesis disease (24) . We have recently identified GT198 germ line mutations in familial and early onset breast and ovarian cancers (25) and prevalent GT198 somatic mutations in sporadic fallopian tube cancers (26) . Loss of GT198 function is associated with its mutations (26) . The collective existing evidence supports a functional role of GT198 in ovary and signifies the potential of its mutations in studying ovarian cancer.
Using GT198 expression as a marker, we have identified GT198 mutant cells as luteinized theca cell lineage in human ovarian cancer. GT198 mutant cells are located in tumor stroma, and most of them strongly express CYP17 (cytochrome P450 17␣), a key enzyme catalyzing steroid hormone biosynthesis and exclusively expressed in theca or luteinized theca cells in ovaries (27, 28) . GT198 mutant cells are common lesions in various types of ovarian cancer and in early lesion inclusion cysts. Molecular analyses show that GT198 suppression induces the expression of CYP17. Our study reveals that luteinized theca cell lineage in ovarian tumor stroma carries tumor suppressor gene mutations and provides crucial evidence to strengthen the link between steroid hormone and human ovarian cancer initiation.
MATERIALS AND METHODS

Human Tumor Materials and Laser Capture Microdissection-
Formalin-fixed paraffin-embedded ovarian tumor tissue sections and tumor microarrays were screened by immunohistochemistry using anti-GT198 for microdissection. Frozen sections were not used in this study because they are incompatible with immunohistochemical staining. Freshly cut ovarian tumor sections and microarrays containing a total of 246 cases of ovarian cancer (Imgenex, US Biomax, Georgia Regents University and Shantou University Medical College) were immunostained to select cases with sufficient GT198 ϩ cells for microdissection (see Table 1 ). The serial cut adjacent sections or arrays were then immunostained prior to microdissection using standard immunohistochemical procedures followed by dehydration in ethanol and xylene series. The slides were imaged with coverslips after the microdissection. Laser capture microdissection was performed using a Pix-Cell II laser capture microscope and CapSure macro LCM caps according to the manufacturer's protocol (Arcturus Engineering). Genomic DNA from dissected cells (ϳ50 -200 cells) was isolated by DNeasy tissue kit reagents using 1:10 scaling down quantity (Qiagen). DNA samples were sequence-analyzed using PfuTurbo DNA polymerase (Stratagene) with repeats in two previously identified mutation hot spots (26) , at 5Ј-UTR to intron 1 (c.Ϫ109C to c.34 ϩ 69C) and at the exon 4-intron 4 junction (c.265C to c.337 ϩ 116T) because of the limited amount of DNA. The primers are ggggtcgctttgctcctccggaa, ctacggagagaaaggcagggga, gtgagtgatgctgaccttcaagtc, and tacacaaaagccgttagttatcct. Nucleotide numbering is based on the cDNA reference sequence. The estimated purity of dissected GT198 ϩ cells is ϳ40 -80%, yielding a 20 -40% allelic signal during sequencing. To confirm weak sequencing signals, amplified PCR products containing mutant alleles were cloned into pGEM-T Easy TA cloning vector (Promega). Multiple clones were sequenced from both directions to detect mutant alleles.
Immunohistochemistry-Polyclonal antiserum against GT198 was previously prepared in rabbits (Covance) (19) . Affi-Gel 10 affinity resins were covalently cross-linked to His-tagged GT198 protein as antigen for affinity purification of anti-GT198 according to the manufacturer's protocol (Bio-Rad). Immunohistochemical staining was performed using formalinfixed paraffin-embedded sections. Sections were deparaffinized and dehydrated through xylene and ethanol series. Antigen retrieval was carried out in 10 mM sodium citrate buffer, pH 6.0, containing 0.05% Triton at 90°C for 20 min. Antibody binding was detected using biotinylated anti-rabbit IgG F(ab)2 secondary antibody followed by detecting reagents (DAKO). Sections were counterstained with hematoxylin.
Immunofluorescence-Immunofluorescence double staining was carried out using rabbit, mouse, and goat antibodies and The plasmid GFP-GT198 contained full-length human GT198 in a pEGFP-C3 vector (Clontech). GFP-GT198 and FLAGtagged mutant (126 -217) were cotransfected into cultured primary ovarian cells derived from C57BL/6 mouse ovaries at 13 days of pregnancy. The pregnant mouse ovaries contained largely luteinized granulosa and theca cells.
Luciferase Assay-A 1.8-kb human CYP17 promoter (c.Ϫ1897 to c.Ϫ17 nucleotides) was cloned into the pXP2 vector (29) , which contains a promoterless luciferase gene. The cloned CYP17 promoter was verified by restriction mapping and sequencing analysis. 293 cells were transfected in triplicate in 24-well plates using CYP17-luciferase reporter (100 ng), and various amounts of plasmids (0, 50, 100, 200 ng) of wild type GT198 (amino acids 1-217), GT198 mutant protein (amino acids 126 -217) containing the DNA-binding domain, or various amounts of GT198 siRNA gugagugaugcugaccuuca (0, 25, 50, and 100 M), which is against GT198 exon 4 and was previously shown to inhibit wild type mRNA (26) . After transfection, the cells were incubated for 48 h before harvest. Relative luciferase activities were measured by a Dynex luminometer. The data are shown as the means of triplicate transfections Ϯ S.E. (n ϭ 3). p values are calculated by linear regression.
RT-PCR-293 cells were transfected with GT198 (WT), the mutant protein (Mut, 126 -217) and GT198 siRNA (100 M). Total RNA was isolated using TRIzol reagent (Invitrogen), treated with DNase I, and normalized for their concentrations before use. RT-PCR was performed using the one-step RT-PCR kit (Qiagen). The primers are;: CYP17, actccactgctgtctatcttgcctg and ccttacggttgttggacgcgatgt; endogenous GT198, cttccccttcagccaatcac and gtgggcccctcaggggtctg; and GAPDH, accacagtccatgccatcac and tccaccaccctgttgctgta. p values are calculated by unpaired t test.
ChIP and Real Time PCR Analyses-293 cells were transfected with FLAG-tagged GT198 (WT, 1-217, 1 g), together with nontagged mutant GT198 (Mut, 126 -217, 3 g), or siRNA (100 M) in a 60-mm dish for overnight. The cells were treated with 1% formaldehyde for 10 min, and the cross-linking was stopped by 125 mM glycine. The cells were lysed and sonicated in the buffer containing 20 mM Tris, pH 8.0, 75 mM NaCl, 75 mM KCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol, 1 mM DTT, and protease inhibitors. Immunoprecipitation was carried out using anti-FLAG M2 beads (Sigma) preblocked with salmon sperm DNA (0.1 mg/ml). The vector transfected cells and beads only were served as controls. The cross-linking was reversed by eluting with 0.1 M NaHCO 3 , 1% SDS, 0.3 M NaCl at 65°C for 4 h. Purified DNA (Qiagen kit) was subjected to quantitative real time PCR (Mx3000P; Stratagene) using Sybr Green dye. GAPDH was measured and used for internal normalization. Serial diluted normal human genomic DNA was used for standard curves. The CYP17 promoter primers are c.Ϫ1897, aaagaaagggagagatgttgcgg and gacaaacatcctcagcttacaaag; c.Ϫ1404, gggggaggtctataaacagccgc and agcggtgcacatactgtcttgata; and c.Ϫ272, caactgacctcccttacctagctc and caggcaagatagacagcagtggagt. p values are calculated by unpaired t test.
RESULTS
Cytoplasmic GT198 Expression in Ovarian Cancer Stromal
Cells-The normal expression of GT198 in vivo in mice is tissue-specific, mostly in embryonic tissues, and also in adult testis and ovary (19) . The overall protein expression pattern in mouse is remarkably similar between GT198 and BRCA1 or BRCA2 (30) . Wild type GT198 is a nuclear protein and the expression becomes cytoplasmic when the GT198 gene is mutated (26) . Using cytoplasmic GT198 as a marker, we screened 246 cases of human ovarian cancer by immunohistochemistry. The results showed that GT198 expression was largely cytoplasmic (Fig. 1 ) and was present in tumor stromal cells in various types of ovarian cancer including high and low grade serous, mucinous, endometrioid, clear cell, müllerian, and granulosa-theca cell carcinomas, but not in metastatic tumors originated from other sites ( Fig. 1 and Table 1 ). Nuclear GT198 expression was absent in epithelial types but was significant in benign fibroma-thecoma (not shown). The overall positive rate could not be assessed, however, because of the lack of stromal area in many small sized microarray tumor samples. GT198 ϩ cells with cytoplasmic expression often lined the tumor epithelia (Fig. 1, B-E) . In a sample containing ovarian cancer precursor lesions, which resemble inclusion cysts, GT198 ϩ cells clustered in stroma surrounding the inclusion cysts (Fig. 1G) . They appeared to be more recruited to the irregularly shaped cysts containing proliferating tumor cells, implicating a positive influence of the cysts by GT198
ϩ cells (Fig. 1G). Our data together suggest that cytoplasmic GT198 in tumor stroma is present in various types of ovarian cancer including early lesions. GT198 ϩ Tumor Stromal Cells Carry Genetic MutationsWe previously found that GT198 mutations induce GT198 cytoplasmic expression (26) . To detect mutation in GT198 ϩ stromal cells, we performed laser microdissection and analyzed GT198 mutations in two previously identified mutation hot spot sequences around exon 1 and intron 4 (26) . GT198 mutations were identified in eight of twelve (66.6%) dissected cases of ovarian cancer including serous, mucinous, clear cell, endometrioid, and granulosa carcinomas and inclusion cysts ( Fig. 2A and Table 2 ). Mutations were identified in GT198 ϩ tumor stromal cells but not in nearby control epithelial tumor cells negative for GT198 staining, suggesting a somatic origin of the mutations and confirming an association of cytoplasmic GT198 expression with the mutations (Fig. 2A) . Some mutations were identical to those we previously found in fallopian tube cancers (26) ; the c.284CϾT, c.337 ϩ 33AϾG, and c.289AϾG mutations were further verified through the cloning of mutant alleles ( Table 2 ). The four negative samples could be due to missed detection of mutation outside the hot spots or due to the impurity of dissected cells below detection threshold. We also preformed sequencing analysis using ovarian cancer whole tissues without microdissection; no GT198 mutation was detected (0 of 21), suggesting the bulk of tumor lacked GT198 mutation. As additional controls, analysis of tumor samples with nuclear GT198 expression did not reveal GT198 mutation (Fig. 2B and Table 2 ). In conclusion, our data indicate that somatic muta- Table 2 . B, control ovarian tumors OV-13, OV-14, and OV-15 were immunostained with nuclear GT198 and were sequence-analyzed with the absence of mutation shown in Table 2 . Sections are counterstained with hematoxylin. Scale bars, 50 m. tions in GT198 are present in tumor stromal cells with cytoplasmic GT198 expression in various types of ovarian cancer.
GT198 Mutant Cells in Ovarian Cancer
Are Luteinized Theca Cells Overexpressing CYP17-To gain insight into the identity of GT198 mutant stromal cells in ovarian cancer, we first analyzed GT198 expression in normal ovary by immunohistochemistry. In mouse ovary, GT198 expression was low in primary or secondary follicles (Fig. 3A) . In antral follicles, a high level of GT198 expression was nuclear with strong expression in granulosa cells and weak expression in theca cells. In contrast, GT198 expression became cytoplasmic in corpus luteum (Fig. 3A) . Because primates closely resemble humans, we also analyzed ovary in baboons. The GT198 expression pattern in normal baboon ovary was largely consistent with the expression pattern in mouse (Fig. 3B ). Strong nuclear GT198 was present in granulosa cells, and weak nuclear GT198 was present in theca cells, indicated by theca-specific marker CYP17 using immunofluorescent double staining (Fig. 3B) . CYP17 is a steroid synthesis enzyme exclusively expressed in theca or luteinized theca cells in ovary (27, 28) . Baboon corpus luteum contained CYP17
ϩ luteinized theca cells with cytoplasmic GT198. In normal human ovary, GT198 expression was also consistent with the expression in baboon and mouse (Fig. 3C) , except that normal human antral follicle was too rare to obtain and was unavailable for analysis. In a human antral follicle adjacent to ovarian cancer, however, GT198 expression in theca cells became cytoplasmic (Fig. 3D) .
It appeared that GT198 expression is predominantly nuclear in normal granulosa and theca cells until luteinized. Previously, we found that cytoplasmic GT198 induces apoptosis in cultured cells (26) . Because apoptosis is a naturally occurring process in corpus luteum and luteinized theca cells are located in stroma, we speculated that mutant stromal cells with cytoplasmic GT198 in cancer might have a link to luteinized theca cells that escaped the fate of apoptosis. We then examined the identity of GT198 mutant cells in cancer using CYP17 as a marker.
The results showed that GT198 mutant cells largely (Ͼ95%) overlap with the cell population positive for CYP17 in a mucinous carcinoma and a granulosa cell carcinoma examined by immunofluorescent double staining (Fig. 4A ). This conclusion was further confirmed using tumor microarrays containing various types of ovarian cancer carrying GT198 mutations ( Fig.  5 and Table 2 ). CYP17 appeared to be overexpressed in tumor stromal GT198
ϩ cells in every sample we analyzed containing GT198 ϩ cells. Detailed morphological examination suggested that these cells indeed retain luteinized theca cell features including their localization in highly vascularized tissues and the presence of potential lipid vesicles in large cytoplasm for steroid secretion (Fig. 4, B and C) . Expression levels of GT198 and CYP17 in each cell varied considerably but the two proteins mostly coexpressed, suggesting a theca origin of GT198 ϩ stromal cells (Figs. 4A and 5) .
A Subpopulation of GT198 ϩ Stromal Cells Express Stem/Progenitor Cell Markers-The nature of GT198
ϩ luteinized theca cells was further studied by immunofluorescent double staining using stem/progenitor cell surface markers. The overlapping subpopulations of GT198 ϩ cells were found to be positive for stem cell marker CD133 (ϳ1-2%) and for progenitor cell markers CD44 (ϳ15-25%) and CD34 (ϳ30 -40%) in a granulosa cell carcinoma carrying GT198 mutation (Fig. 6, A and B) . However, CYP17 marker did not overlap with CD133 (Fig. 6, A and  C) , possibly because CYP17 is expressed in differentiating cells only. CD133
ϩ cells are very small in size with undifferentiated morphology and are always located in tumor stroma. Consistently, small sized GT198 ϩ cells are found deeply in tumor stroma, and large sized GT198 ϩ cells with differentiated morphology, mostly CYP17 ϩ , are found to be lining the tumor layer (Fig. 6B) . Thus, GT198
ϩ cells are not homogenous and they undergo differentiation at various stages (Fig. 6C) . In a given tumor, these cells carry the same GT198 mutation so that they are potentially a cell lineage originated from a single progenitor harboring the initial mutation. Mutant theca precursors may replenish mutant luteinized theca progenies that overexpress CYP17 to promote steroid hormone production, thereby potentially modifying the tumor stromal environment in ovarian cancer. The identity of mutant progenitors requires further verification. Our data indicate that GT198 mutant cell populations are not homogenous but differentiating and are located in tumor stroma. This finding provides critical evidence to confirm the notion that tumor stromal cells harbor tumor suppressor gene mutations. In ovarian cancer, they are the luteinized theca cells.
GT198 Suppresses Whereas Its Mutant Protein
Stimulates CYP17 Expression-The above observation raised a question on whether GT198 or its mutant protein would regulate CYP17, given that GT198 is a steroid hormone receptor coregulator (19) , and CYP17 promoter is regulated by steroid hormone receptor SF1 (31) . We performed ChIP analysis in 293 cells that express endogenous CYP17, and found that wild type GT198 protein binds to the human CYP17 promoter (Fig. 7A) . The binding activity was the highest at ϳ1.8 kb upstream of the CYP17 translation initiation site, although lower amount of binding was detectable at ϳ1.4 and 0.2 kb (Fig. 7A) . This is consistent with a previous promoter deletion study from the other group indicating that the 1.8-kb CYP17 promoter had higher activity than shortened promoter (32) . We have previously found that GT198 mutations are able to alter alternative splicing to produce a truncated mutant protein (amino acids 126 -217) acting as a dominant negative (26) . Two intron 4 mutations, c.337 ϩ 13AϾG and c.337 ϩ 19TϾC, identified both in this study and in a previous study, altered exon 4 alternative splicing, resulting in a frameshift to produce the mutant protein (25) . Exon 4 mutations, such as missense mutations c.284CϾT and c.289AϾG, may affect siRNA regulation on alternative splicing as we previously proposed (26) . Thus, we tested the effect of GT198 mutant protein and the GT198 FIGURE 3. GT198 expression in mouse, baboon, and human ovaries. Immunohistochemical staining of GT198 and immunofluorescent double staining of GT198 (red) and CYP17 (green). Boxed areas are enlarged. A, in normal mouse ovary antral follicles, nuclear staining is present in granulosa and theca cells, which are enlarged in the insets. Cytoplasmic GT198 is present in corpus luteum. Sections are counterstained with hematoxylin. B, in normal baboon ovary, GT198 nuclear staining is present in granulosa and theca cells. Cytoplasmic GT198 is present in corpus luteum, which is from the same slide outside the low power view. An adjacent slide was fluorescence-stained to show GT198 expression (red) in theca or luteinized theca cells expressing CYP17 (green). C, GT198 expression in normal human ovary, age 20. siRNA in the ChIP assay. When cotransfected with wild type GT198, the mutant protein and siRNA significantly reduced wild type GT198 occupancy on the CYP17 promoter at 1.8 kb upstream (Fig. 7A ). In addition, using a luciferase reporter carrying a 1.8-kb human CYP17 promoter, we confirmed that wild type GT198 suppresses whereas the mutant protein or siRNA stimulates CYP17 promoter activity (Fig. 7B) . Similar effects were observed when endogenous CYP17 expression was examined by RT-PCR in 293 cells (Fig. 7C) . We further tested the subcellular localization of wild type GT198 in the presence of mutant protein in luteinized ovarian primary cell culture derived from pregnant mouse ovary; the results showed that GFP-tagged wild type GT198 is translocated from nucleus to cytoplasm only when FLAG-tagged mutant protein is present (Fig. 7D) . This is consistent with our previous study that cytoplasmic expression can be induced by various GT198 mutations (25, 26) . The mechanism of GT198 nuclear-cytoplasmic shuttling, however, remains to be further studied. We suggest that GT198 suppresses and silences the CYP17 promoter. GT198 mutant protein stimulates CYP17 expression through the decrease of wild type promoter occupancy and the increase of its cytoplasmic translocation (Fig. 7E ). In conclusion, our studies together suggest that GT198 mutant stromal cells in ovarian cancer are luteinized theca cells in origin and that they overexpress CYP17.
DISCUSSION
Cancer cell development often mirrors normal cell differentiation. In normal ovary, the follicle is a basic functional unit containing an oocyte and granulosa cells enclosed by a basal lamina (33) . Theca cells are thought to be recruited from stroma and differentiate only surrounding the lamina of developing follicles (34) . After ovulation, theca cells are luteinized in corpus luteum. At a functional level, theca or luteinized theca cells express steroid hormone synthesis enzymes including CYP17, which converts cholesterol into androgens (27) . Androgens serve as substrates for estrogens synthesis by granulosa cells. Theca and granulosa cells are two principle steroid hormone-producing cells and are mutually dependent in differentiation with robust paracrine communications (34) . Theca cells are originated from stromal stem cells that differentiate under the stimulation by a number of peptide factors secreted from granulosa cells (33) (34) (35) .
During ovarian cancer development, ovarian surface epithelium undergoes ovulation-induced rupture and forms cortical inclusion cysts as precursor lesions (Fig. 8) (6, 10) . Hormone stimuli are thought to be responsible for subsequent transformation into epithelial ovarian carcinomas. Our data show that mutant luteinized theca cells are recruited to the inclusion cysts (Fig. 1G) , as well as to the stroma in ovarian cancer (Fig. 1, B-F) . Increased CYP17 in these mutant cells potentially provides required hormone stimuli for cancer cell transformation. Our data also show not only epithelial types but also other types of ovarian cancer, including granulosa cell tumors, contain GT198 ϩ cells in tumor stroma (Table 1) . Hence, mutant luteinized theca cells may be a common source of hormone stimuli in different types of ovarian cancer (Fig. 8) , although more evidence is needed to clarify whether they share similar pathways in cancer development.
GT198 Mutations in Ovarian Cancer Stroma
Our finding is consistent with multiple lines of evidence previously shown by others. It was suggested that inclusion cysts in ovarian cortex lie in proximity to steroid hormone-producing cells in the vasculature and are exposed to paracrine ovarian androgens (36, 37 ). Consistently, high androgen level is a significant risk factor in ovarian cancer (36, 38) , indicating the involvement of theca cell activity. In addition, enzymatically active stromal cells have been observed near inclusion cysts and epithelial tumor cells (18) . The stromal luteinization in ovarian cancer has also long been observed in the history (39, 40) , although these stromal cells have been labeled by various names such as stromal theca cells, luteinized stromal cells, and enzymatically active stromal cells (41) . Thus, steroid hormone-producing tumor stromal cells are significant characteristic in ovarian cancer.
In addition, previous studies have been shown that sorted CD133 ϩ and CD44 ϩ cells from human ovarian cancer have increased tumorigenic capacity in mice (42) (43) (44) . This is consistent with our results that GT198 mutant cells consist of a cell FIGURE 7 . Wild type GT198 suppresses and mutant GT198 stimulates the human CYP17 promoter. A, ChIP analysis of GT198 on the human CYP17 promoter. The diagram illustrates the locations of three primer pairs with their PCR products shown in the gel below. 293 cells were transfected with FLAG-tagged wild type GT198 (1 g), together with nontagged GT198 mutant protein (3 g, amino acids 126 -217), or with GT198 siRNA (100 M). Anti-FLAG M2 beads immunoprecipitated DNA was quantified by real time PCR and normalized by precipitated GAPDH. Nonconjugated beads were used as control. p values are calculated by unpaired t test. B, transient transfection in 293 cells with CYP17-luciferase reporter (100 ng) containing a 1.8-kb CYP17 promoter and increasing amounts of expression plasmids of GT198, mutant protein, or siRNA as indicated. Transcriptional activity is measured by luciferase light units shown as means of triplicate transfections Ϯ S.E. (n ϭ 3). p values are calculated by linear regression. C, RT-PCR analysis and quantification of CYP17 mRNA levels in 293 cells transfected with GT198, the mutant or siRNA. Endogenous GT198 was detected using a 5Ј-UTR primer. p values are calculated by unpaired t test. D, immunofluorescent staining of primary luteinized cell culture from pregnant mouse ovary cotransfected with GFP-GT198 (green) and FLAG-tagged mutant (red). E, a model of CYP17 promoter activation induced by GT198 mutant protein.
lineage from undifferentiated CD133 ϩ or CD44 ϩ cells to differentiated CYP17
ϩ luteinized theca cells. In this regard, a theca progenitor cell harboring mutation may be present in tumor stroma, whereas only its differentiated luteinized theca progenies are functionally capable of producing hormones. It is important to note that cytoplasmic GT198 or CYP17 proteins are more specific markers for mutant stromal cells than the CD markers that are also present on normal but not GT198 ϩ cells as we observed (Fig. 6) .
Finally, GT198 has dual functions in steroid hormone regulation (19, 20) and in DNA repair (21) . It is possible that mutations in other DNA repair genes would affect the entire DNA repair pathway involving GT198 function and hence steroid hormone regulation. Thus, mutations in individual DNA repair genes may together increase the risk of breast and ovarian cancer.
In conclusion, using a tumor suppressor gene GT198 as marker, we have identified that luteinized theca cells carry GT198 mutations in multiple types of ovary cancer stroma. The finding provides critical evidence in the understanding of steroid hormone regulation in ovarian cancer. Future studies on GT198 mutant tumor stromal cells may provide a potential new target for ovarian cancer treatment.
